The effect of acidic gases present in flue gas, specifically NO, on the capture of CO 2 by the superbase ionic liquid, trihexyltetradecylphosphonium benzimidazolide ([P 66614 ][Benzim]), is reported. An online mass spectrometry technique was utilized to study the CO 2 uptake of the ionic liquid during multiple absorption and desorption cycles of a gas feed containing NO and CO 2 at realistic flue gas concentrations, and it was found that while NO alone could bind irreversibly, the CO 2 capacity of the IL was largely unaffected by the presence of NO in a co-feed of the gases. In-situ attenuated total reflection (ATR) infrared was employed to probe the competitive absorption of CO 2 and NO by [P 66614 ][Benzim], in which carbamate and NONOate species were observed to co-bind to different sites of the benzimidazolide anion. These effects were further characterised by analysing changes in physical properties (viscosity and nitrogen content) and other spectroscopic changes ( 1 H NMR, 13 C NMR and XPS). Density functional theory (DFT) computations were used to calculate binding energies and infrared frequencies of the absorption products, which were shown to corroborate the results and explain the reaction pathways.
Introduction
Ionic liquids (ILs) have been shown to be suitable for a wide range of applications because of their physical properties, such as a high thermal stability, negligible volatility, and their ability to be chemically tuned through the modification and combination of different ions. In this context, superbase ILs have been studied as CO2 capture agents in flue gas treatments, as an alternative to the industry standard of alkanolamines, which have known drawbacks, such as a high corrosivity and toxicity. 1 The presence of small amounts of NOx in these systems degrades the alkanolamine through the formation of nitrosamines, further increasing the corrosivity and toxicity/carcinogenicity, and consequently, decreasing the lifetime of the solvent. [2] [3] [4] NOx and, therefore, NO emissions are regulated (not to exceed 40 µg·m -3 a year), 5 as they react in the atmosphere to form ozone and acid rain. 6 A primary source of NOx is from flue gas streams, which make up 40 % of the NO x emissions from stationary sources. 6 There is therefore a clear need to study its effect on CO 2 capture sorbents for this application. 7 Flue gas is estimated to contain by volume, 0.15-0.25 % NO x and 10-15 % CO 2 , with 10 % H 2 O, 0.05-0.2 % SO 2 , and particulates are also present (dependant on fuel type and operating conditions). [8] [9] [10] To capture CO 2 from flue gas, a reactive sorbent with a high affinity is required, and consequently, ILs that chemically absorb CO 2 have been shown to be suitable for this process due to their reversible, and increased capacity, over other conventional, physically absorbing ILs. [11] [12] [13] [14] Superbase ILs have recently been shown to absorb CO 2 reversibly, in greater than equimolar amounts, and with minimal viscosity changes. 15 A higher affinity for CO 2 , however, means that there is a high probability that the IL will strongly absorb other impurities in waste gas streams, as has been reported in the case of tetraalkylphosphonium ILs with gas feeds containing acidic gases such as SO 2 .
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To combat the emission of NO x from waste gas streams, research has focused on the use of traps and selective catalytic reduction (SCR) reactions to reduce emissions and improve air quality. ILs have also been investigated for this purpose. However, only concentrated feeds of NO have been studied for both the physical and chemical absorption of the gas. [17] [18] [19] The amount of NO captured by the chemically absorbing superbase IL, trihexyltetradecylphosphonium tetrazolide ([P 66614 ][Tetz]), was 4.52 nNO:nIL with a pure feed of NO at 30 °C and 1 atm. 19 The capture of NO at concentrations (<0.25 %) has also been investigated, 20 with the effect of O 2 and H 2 O being considered, 21, 22 often showing a negative impact on the system, and adversely affecting the reversibility of the system.
For ILs to remain cost-effective for capturing CO2 in an industrial application, NO must have little effect on the IL, or an effective method of trapping/reducing the NO before exposure of the gas stream to the IL should be used, in order to minimise any negative impacts and extend the sorbents lifetime. In this work, the effect of NO in a combined feed with CO2 at typical flue gas concentrations was studied. (10 -3 Pa) at 50 °C for at least 96 h. The water content in the studied IL was measured using a Metrohm 787 KF Titrino Karl Fischer machine and was found to be 0.075 wt.%. Halide content was determined to be <5 ppm using a silver nitrate test. 23 The structure and purity of the synthesized IL, and post-absorption, was analysed using 1 H-NMR and 13 C-NMR with a Bruker Avance II 400 MHz Ultra shield Plus and were carried out as neat ILs in the presence of a glass capillary insert containing deuterated solvent (DMSO-d 6 , purchased from Cambridge Isotope Laboratories Inc., CAS: 2206-27-1).
Previously published TGA results show this IL has a decomposition temperature of 289 °C ( Figure S1 ).
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Methods
Two methods were used to measure the gas uptake in this work (gas concentrations are reported as vol. %).
For gravimetric measurements, the IL was weighed out ( 0.5 g ± 0.1 mg) into a small vial with a septum lid ( A second method using a mass spectrometer to monitor the gas phase concentrations was also used. This method has been described in detail previously. 16 2 g (± 0.1 mg) of IL was weighed out in the glovebox and transferred into a temperature-controlled glass reactor with a gas inlet/outlet. The IL samples were subjected to a number of absorption and desorption cycles. At the start of a cycle, the 2 h absorption period was started by switching the feed stream from Ar to the desired feed composition (typically 14 % CO2 + 0.2 % NO in Ar at 1 atm (± 0.05 atm)) allowing the IL to be exposed to the gas. Once the absorption period had ended, the three experiments were carried out and the overall uncertainty associated with the measurement was calculated to be ±0.04 nCO 2 :nIL.
Analysis
The viscosity of the IL samples was measured before and after NO absorption using a TA Instruments AR2000. Elemental analysis was carried out using a Thermo Scientific Flash 2000 elemental analyser. Xray Photoelectron Spectroscopy (XPS) was performed with a Kratos AXIS Ultra DLD apparatus, with monochromated Al Kα radiation X-ray source, charge neutralizer and hemispherical electron energy analyser. During data acquisition, the chamber pressure was kept below 10 -9 mbar. The spectra were analysed using CasaXPS and corrected for charging using the C 1s feature at 284.8 eV.
Attenuated Total Reflectance-Infrared (ATR-IR) spectra were recorded on a ZnSe crystal in a modified in-situ cell, using a PIKE ATRMax II accessory and a Bruker Tensor II infrared spectrometer. The ZnSe crystal was coated with a thin film of [P 66614 ][Benzim] ( 250 mg), before introduction of the gas feed (14 % CO 2 in Ar, 0.2 % NO in Ar, or a mixed gas feed of 14 % CO 2 with 0.2 % NO in Ar (flow rate of 15 cm 3 ·min -1 )). All gases were passed through an acetone-ice bath (-10 °C) before introduction into the cell.
The background for all spectra was the ZnSe crystal in the cell and all spectra were recorded with 8 scans at 4 cm -1 resolution.
DFT Calculations
Unless otherwise specified, all energies reported here were obtained using a combination of the hybrid functional UB3LYP and the triplet-ζ basis set 6-311++G**. 24, 25 This methodology has been used extensively for calculating kinetic and thermodynamic properties of group transfer reactions.
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Additional benchmarking and verification was done using the pure density functional UBP86, and is available in the SI (Tables S11 S16) . 24, 29 All major trends obtained with the UB3LYP functional were replicated with the pure UBP86 functional. All minimum energy structures were obtained with full optimisation, without constraints. Analytical frequencies were run on each structure at 1 atmosphere pressure and a temperature of 298.15 K and the resulting infrared spectra were compared with experimental data. These calculations also confirm the presence of true local minima structures by the absence of any imaginary frequencies. Corrections for long range non-bonding interactions were given using the Grimme D3 dispersion model, 30 as implemented in the Gaussian09 software package. Equation 1 The previous study that utilized NVT dynamics to obtain the lowest energy configurations for the interaction between the cation and anion components of the IL. 32 The molecular visualisation software ChemCraft was then used to add manually the different adsorbate(s) in position to chemically absorb to the IL, before a full optimisation of the resulting species could be undertaken.
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Results and Discussion
Initially, the absorption of NO was studied using a gravimetric technique, with [P66614][Benzim] as the sorbent. It was found that with a feed of 1 % NO in argon, 1.73 nNO:nIL was absorbed when left to stabilise for 72 h under the feed (Table S1 in SI). The time required to saturate the IL with NO was significantly longer than for CO2 (15 mins), which could be due to the lower solubility of NO in the IL. 15 A greater than equimolar absorption of NO was observed, which may be associated with physically/weakly absorbed NO, the absorption of NO on more than one site, or the formation of a NONOate species from two moles of NO absorbing on the same site, as seen for [P66614] [Tetz] . 19 The desorption of the NO-saturated IL was studied by heating it under argon at 80 °C after which 1.39 nNO:nIL remained, showing that a large proportion of the NO was strongly (chemisorbed) and irreversibly bound to the IL, following the desorption conditions studied. These desorption conditions were the same as applied after CO2 absorption whereby the ILs absorption capacity was fully restored. 15 The small loss in weight ( Gravimetric analysis allows for the uptake of a single gas to be studied. However, as waste flue gases are multicomponent, the ability of the IL to absorb CO 2 in the presence of NO needs to be assessed, to do which, the absorption of a co-feed consisting of 14 % CO 2 + 0.2 % NO in Ar by [P 66614 ][Benzim] was studied in a gas absorption rig with an on-line MS ( Figure 1 and Table S2 in SI). This system has been previously developed and validated for the uptake of CO 2 + SO 2 feeds. 16 In order for the IL to be exposed to an equivalent number of moles of NO for the amount of IL present ( 2 g), 10 cycles were carried out; with each cycle consisting of a 2 h absorption period under feed conditions at 22 °C, followed by a 2 h desorption period under argon at 90 °C. The IL was initially pre-treated with a feed containing 14 % CO 2 , and an average value of 0.78 nCO 2 :nIL was obtained, consistent with the previous work.
[P66614][Benzim] was capable of absorbing large amounts of NO (measured gravimetrically) when exposed to NO as a single component feed. However, the gas absorption rig showed that for a co-feed of CO2 + NO, stretch of a nitrosamine species, however, it has been shown that NO interacts very weakly with the IL and NONOate formation was more likely. [37] [38] [39] After ~8 mins of exposure, the 1309 cm -1 band increased more rapidly as the growth in the 1336 cm -1 band slowed, indicative of the growth of a second species. Subtracting the 8 min exposure spectrum from all further spectra (Figure 2i (c) ), highlighted that the bands correlated with the 1309 cm -1 species with a band found at -1 , which together were assigned to the asymmetric and symmetric stretch of a NONOate species, absorbed onto a second site of the benzimidazole anion, denoted the N 2 position (Figure 2ii ). It was proposed that NO could have multiple modes of binding with superbase ILs, 19 which is in agreement with the greater than equimolar absorption of NO found gravimetrically in this study. Further bands associated with the NONOate species at the N 2 position were observed in the 870 -827 cm -1 region, due to a shift in the NONOate (N-N) vibration upon absorption onto the second site. 19, 36 The faster formation of the first NONOate species, eventually followed by a second, would suggest strong absorption for the first site and a weaker absorption on the second site. after exposure to a co-feed where NO is in low concentration, consistent with the gas absorption rig data.
From the calculated energies of absorption for NONO and CO2, of -91.09 and -52.12 kJ·mol -1 , respectively (Table 1) , it would be expected that a NONOate species would be absorbed more strongly than CO2, which is reflected in the gravimetric results where NO binds irreversibly, while CO2 undergoes reversible absorption.
Importantly, this trend is replicated with the anion only, implicit solvent model and also the UBP86 models (see SI Tables S4 S16) . However, in a co-feed where CO2 is in a significantly higher concentration than NO (realistic concentrations for a waste gas stream applications) the two gases can compete well for absorption between the gases, however, NO was still found to bind irreversibly to the IL in small amounts over time.
Increases in the nitrogen content and viscosity of the IL further showed the chemisorption of NO, confirmed using spectroscopic techniques ( 1 H NMR, 13 C NMR, and XPS).
DFT calculations found that, for the modelled IL, the binding energy strength was in the order of SO2 >> N(O)NO > CO2 > NO. This correlated well with the observed results, where SO2 was previously found to displace CO2 from the IL, with NO absorption as a NONOate species occurring more slowly. At the concentrations used in this study, CO2 could compete with NO at the studied exposure times and complete displacement of the carbamate was not observed, in contrast to CO2 + SO2. These results indicate that an alternative upstream/downstream process, such as a regenerable NOx trap or SCR reaction, could be utilized in order to lower the concentration of NO in the feed, and lengthen the lifetime of the IL for the efficient absorption of CO2. It is recognised that the effects of NO2 or O2/H2O in the feed should also be considered and will be addressed in future work, however, this study has shown that [P66614][Benzim] can efficiently capture CO2 from waste gas streams, in the presence of NO, at realistic waste flue gas stream concentrations.
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